Abstract-In order to meet the high data rate, large capacity and low latency in LTE, advanced MIMO technology has been introduced in LTE system, which becomes one of the core technologies in physical layer. In a variety of MIMO detection algorithms, the ZF and MMSE linear detection algorithms are the most simple, but the performance is poor. MLD algorithm can achieve optimal detection performance, but it's too complexity to be applied in practice. CLSD algorithm has similar detection performance and lower complexity with the MLD algorithm, but the uncertainty of complexity will bring hardware difficulties. FCLSD algorithm can maximize the advantages of CLSD algorithm and solve difficult problems in practice. Based on advanced FCLSD algorithm and combined with LTE / LTE-A practical system applications, this article designed two improved algorithms. The two improved algorithms can be flexibly and adaptively used in various antenna configurations and modulation scene in LTE / LTE-A spatial multiplexing MIMO system. The Simulation results show that the improved algorithm can achieve an approximate performance to the original FCLSD algorithm; in addition, it has a fixed complexity and could be carried out by parallel processing.
I. INTRODUCTION
3GPP Long Term Evolution (LTE) project is the largest new technology research project in recent years ,and with the 3GPP2 Ultra Mobile Broadband (UMB) technology is referred to as "Evolved 3G". In order to meet the high data rate, large capacity and low latency in LET, advanced MIMO technology has been introduced in LTE system, which becomes one of the core technologies of physical layer. As an important application form of MIMO technology, space multiplexing can gain higher data transfer rate than the antenna diversity. But for spatial multiplexing MIMO systems, space de-multiplexing (or signal detection) at the receiver is a problem as concerned: how to get tradeoffs between performance and complexity, how to make the designed algorithms conducive to hardware implementation, but also can get a good performance, it's largely related to weather the advantages of MIMO technology can effectively play in the actual system.
In a variety of MIMO detection algorithms, zero forcing algorithms (ZF, Zero Forcing) is the most simple and direct, the algorithm can completely eliminate the interference between the antennas, but caused the noise signal amplification. It's not proper to use the algorithm in bad channel environment. Maximum likelihood method (MLD, Maximum Likelihood) can obtain optimal detection performance, but because of the need to search of all possible send vectors, the complexity increased exponentially with the number of antennas and modulation orders, so MLD algorithm can not be applied to practical, it is a theoretically optimal algorithm. Inspired by the theory of MLD algorithm, sphere decoding (SD, Sphere Decoding) is mentioned and widespread of its superior performance and lower complexity. The idea of the algorithm is searching space maximum likelihood point in a sphere of multidimensional constellation with limited radius, this algorithm in the case of sufficiently large radius can achieve the same performance with ML detection, while in a certain range of system parameters, the complexity is polynomial class. In view of these outstanding advantages of SD algorithm, theorists do extensive and in-depth study of the algorithm in recent years, many advanced algorithm developed based on the SD algorithm, Complex List Sphere Decoding (CLSD) is a representative of an advanced algorithms. The reason why consider of soft output is that the actual communication system requires MIMO signal detector to generate soft information to get better channel decoding. In this case, the system needs to retain paths as much as possible which contain ML solutions and have smaller weight. But the traditional sphere detection based on hard decision, which is search the maximum likelihood solution path in the tree, can not meet this requirement. Then we need to consider choosing some survival paths for the soft bit output algorithm based on the maximum a Improved FCLSD algorithm based on LTE/LTE-A system posteriori (MAP). The basic idea of CLSD algorithm is generated a large enough list L by sphere decoding, which include the maximum likelihood point and its neighborhood, then the given bit soft information can be obtained by the L. The results show that the BER performance of CLSD algorithm is close to MLD algorithm, and the computational complexity is much lower than the MLD algorithm [2] [3] [4] .
Although CLSD has the similar performance with MLD algorithm and can be realized in practice, but for its computational complexity is changed with channel conditions, the number of antennas and modulation order, its computational complexity is variable in practice. In specific implementations, the system needs to take the range of complexity into account and ensure adequate headroom, which will inevitably reduce the efficiency of the algorithm and bring hardware implementation difficulties. To solve this problem, an improved suboptimal CLSD algorithm -fixed complex list sphere decoding (FCLSD) was put out. Compared with CLSD algorithm, this algorithm has two important characteristics: the fixed complexity and parallel process, which is very benefit to hardware implementation.
Based on advanced FCLSD algorithm and combined with LTE / LTE-A practical system applications, this article designed two improved algorithms, which is combined with ZFLLR/MMSELLR algorithm. In some extreme scenarios the algorithm can greatly reduce computational complexity and improve the scope of application; with the reference of channel matrix reordering algorithm, it can further improve the detection reliability. The two improved algorithms can be flexibly and adaptively used in various antenna configurations and modulation scene in LTE / LTE-A spatial multiplexing MIMO system. The Simulation results show that the improved algorithm can achieve a approximate performance to the original FCLSD algorithm, in addition, it has a fixed complexity and could be carried out by parallel processing.
This article is organized as follows: chapter 2 mainly introduced the system model based on the algorithms, chapter 3 describes the basic principles of he CLSD and FCLSD algorithms; Chapter 4 give a detail description on improved algorithm and its characteristics based on the actual The LTE / LTE-A system; Chapter 5 discussed the performance and complexity of the improved algorithm and showed the simulation results; Chapter 6 concluded the paper and presented conclusion II. SYSTEM MODEL The diagram of a typical complex baseband MIMO system is shown in Figure 1 . Suppose there are M transmit antennas and N receive antennas (M≤N), and the channel gain between the transmit antennas i and receive antennas j the Rayleigh distribution. Source bit symbol 'a' belongs to set {+1,-1}, where the logic '1 'corresponds to +1, logic '0 ' corresponds to -1. First Turbo coding and symbol interleaving for bit symbol 'a'. Then grouping the interleaved symbols, each consisting M*Mc bits, Mc refer to modulation order. Then constellation mapping and spatial sign processing for each group separately, which constellation mapping can type cn = {bn, 1, bn, 2 ... bn, Mc}, in turn. The symbols are mapped to the transmitting antenna after spatial signal processing, and then sent by the antenna after OFDM modulation and radio-frequency processing. In the receiver, the receiver first make OFDM demodulation and channel estimation of the received N parallel data streams , and then get the channel matrix H by using the channel estimation for signal detection ,constellation demapping, deinterleaving and channel decoding. At last recover the original information bits. a % Figure 1 . The MIMO-OFDM System The mathematical model of MIMO baseband transmission is shown in Equation (1) y Hx n = + the detector will also serve as the decoder's prior information, then the detector / decoder should calculation the log-likelihood-ratio of each bit (LLR).
Because the system uses a decoder based on soft information, so it required MIMO detector detecting soft information of each bit.
A. Complex List Sphere Decoding (CLSD)
In order to describe the algorithm later, this section will give a brief introduction on CLSD algorithm based on MAP.
a % 
The original bit stream c after channel coding and interleaving can be considered statistical independence of each element. According to Bayes theory, (2) can be
Where the first part is refer to prior soft
; the second part is refer to extrinsic soft information.
We know the output of MIMO detector can be signed as the sum of prior information and extrinsic information. It's shown in figure 2 .
The most important part to calculate the log-likelihood ratio is to calculate likelihood function . By (1), we know that:
According to Max-Log approximation estimation method, put (4) into (3), then, can be simplified as:
Transfer the calculated extrinsic information to SISO channel decoder to get original data bit stream. Because the soft input soft output channel decoding algorithm does not belong to this research area, we will not repeat them here.
E L
Although the computational complexity of has been simplified, it still increases exponentially with the order of modulation. In order to improve the speed of calculation, a list spherical decoding algorithm was proposed by Hochwald，etc [3] .The basic principle of this algorithm is: construct a list L by the sphere decoding algorithm and make sure that the Mapping After obtained the list , (5) can be approximated as: Figure 1 , as (7) where ， M ， the ，consider the following formula by sphere dec
complexity soft-output complex list spher decoding（FCLSD）
The soft-output MIM alyzed in the former section, the difficulty lies in how to choice the appropriate radius to select the candidate points within the super ball. If radius is too small, performance will be significantly lower, however, if too large, the computational complexity will greatly enhance. So, the uncertain value of R leads to an uncertain computational complexity. In addition, from the perspective of the realization of hardware, the algorithm should be able to make parallel processing and has a fixed complexity. Because of these problems in the softoutput MIMO detection algorithm CLSD, it prefers to use the soft-output complex list sphere decoding（FCLSD） with fixed complexity in the real system. The basic principle of FCLSD algorithm is: not search candidate points in a ball of certain radius, but choose the candidate points which are nearest to the center of the sphere according to set C . For a model o M sume the set of candidate points searched by the receiver is: In the how to de (10) Therefore, the number of the candidate poi la (11) It's found in [7] that, in order pe former section, it has not mentioned termine the number set C in the FCLSD algorithm.
However, in actual applicati , the determined algorithm of the set C will determine the whole performance of detection and computational complexity of FCLSD algorithm. According to the analysis of the literature [6] ，the diagonal elements of matrix
to achieve the rformance of detection which is close to the MLD algorithm and obtain the same diversity characteristics with the ML detector, the number of sets of candidate points must fulfills:
In the downlink MIMO system of LTE, the maximum number of transmit antennas is 4 and the maximum order of modulation is 6, that's 64QAM. According to (12), in this extreme case, the set of candidate points is { } , thus, advantage of FCLSD algorithm will decline significantly. In order to solve the problem effectively, this paper the complexity has increased dramatically and the p roposes a ZFLLR (or MMSELLR)-FCLSD joint detection algorithm which is inspired by [8] . Here, take ZFLLR as an example, the specific algorithm is described below:
(1) First, detect the received vector of signal y by ZF, then: 1
where, and
with a better SNR can use ZFLLR algorithm for the lower complexity to detect directly. The detail about ZFLLR（or MMSELLR）algorithm is given by [9] .
, results in a new
. In terms of ' H and ' ZF x . For the remaining symbols (i.e. the symbol of poor quality signal to noise ratio), refer to the relevant contents of section 3 and use FCLSD algorithm to detect.
In some extreme cases previously mentioned, a issues of the computational complexity may appear a surge will be resolved effectively through applying the above improved algorithm. Still eight transmit antennas, 64QAM modulation as an example. If using the above improved algorithm, the number of the candidate points set , the total number of candidate points , in addition ZFLLR algorithm itself also has very low complexity. Therefore, compared with only using the FCLSD detection, using the improved algorithm will significantly reduce the computational complexity. Although there will be some performance losses, taking into account the actual spatial multiplexing MIMO systems will consider the number of large antennas and high order modulation when the systems are generally in the scene with quite a good quality of signal to noise ratio. Therefore using the improved algorithm will not cause a large decline in detection performance.
{ } 
where, the definition of P is the same as (12), P is integer and 1 − ≥ M P . In the above optimization algorithm based on the original FCLSD algorithm and considered the impact of
）, the design idea of the algorithm can be summarized in the following two points: The i SNR corresponding to the layer using a exhaustion search method is less than that corresponding to the layer using ingle-point search, which lead to optimize the detection performance accordingly; For the same kind of search method for each layer, the i SNR corresponding to the firstserching layer is reater than that corresponding to the later-searching layer, thus it can avoid the error transfer as possible. In the actual communication system, the two algorithms can be integrated more flexible and adaptive to apply. For example, there are different requirements for the transmission speed and reliability of different channels. Thus the modulation mode which different channels used is also different. For the channel has a higher requirement for transmission reliability such as the control channel, can use the lower-order of modulation mode (QPSK). And for the channel has a higher requirement of capacity and speed such as the shared Improved FCLSD algorithm based on LTE/LTE-A system channel, are more inclined to use higher-order modulation (16QAM and 64QAM) and more antennas. So, in practical applications, this paper suggests selecting different detection algorithm self-adaptively according to the different applied scene: For most applied scene ( 4 M ≤ ) , using the optimized FCLSD algorithm can take into account both the performance and complexity. But for a few extreme applied scene ( ),
can use ZFLLR (MMSELLR) and optimized FCLSD joint test algorithm, in order to reduce the computational complexity of algorithms as much as possible on the premise of guaranteeing performance.
4, 6
c M M > =
V. THE PERFORMANCE ANALYSIS AND SIMULATION OF IMPROVED ALGORITHM

A. FCLSD algorithm complexty analysis
The algorithm we designed is more flexible and the complexity mainly comes from the FCLSD. In this section, we will focus on analyzing the complexity of FCLSD instead of the improved algorithm. In general, we choose the most common LTE configuration with 2 transmitting antenna and modulation order is 4.Considering Here P 、 T 、 D stands for the operation times of addition, multiplication and division respectively. The total computing complexity is .
( )
B. Simulation of the improved algorithm
We simulate the improved algorithm on the LTE system platform by the steps mentioned above.
The link simulation results of MLD, CLSD, FCLSD algorithms in LTE/LTE-A TDD system were given in the Fig.4 and the simulation conditions were shown in Table  1 . The candidate point number of CLSD algorithm is 16, 32, 64 and 128, the candidate point number of FCLSD algorithm is 64.
As can be seen from Fig.4 , the performance of softoutput CLSD algorithm is improved continually with the increase of candidate points. But when the number of candidates is greater than 64, its performance will not be significantly improved. When using the Candidate set of 128 points, the performance of CLSD algorithm and BER algorithm is very close, if BER of the target selected is 10-3, then the required SNR between CLSD128 algorithm and MLD algorithm is different at about 0.25dB.The candidate point number of FCLSD algorithm is 64. From the simulation results, we can conclude that it has the same good performance with CLSD algorithm of 64 points. According to the curve from Fig.4 , we can conclude that the MLD algorithm is undoubtedly the best, considering performance. However, from the implementation point of view, improved FCLSD algorithm has incomparable advantages which the former two algorithms don't have, namely, achieving the perfect trade off between performance and complexity.
VI . CONCLUSION
Based on LTE/LTE-A TDD system, this paper studies the performance of the improved FCLSD algorithm, makes computer simulation for it and analysis the simulation results. Through this study, we can draw the following conclusions: CLSD algorithm can output soft information of each bit and when combined with decoder, its performance is close to MLD, however, its complexity depends on the radius and the size of the list, so it is very unstable and not conducive to hardware implementation. The performance of the improved FCLSD algorithm varies slightly with the CLSD algorithm. It is nonconstrained of spherical radius and has fixed complexity. In addition, hardware implementation of the improved FCLSD algorithm could be carried out by parallel processing, So it is a high-performance algorithm of great potential and more suitable for practical communication systems.
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